Lung exposure to radiation induces an injury response that includes the release of cytokines and chemotactic mediators; these signals recruit immune cells to execute inflammatory and wound-healing processes. However, radiation alters the pulmonary microenvironment, dysregulating the immune responses and preventing a return to homeostasis. Importantly, dysregulation is observed as a chronic inflammation, which can progress into pneumonitis and promote pulmonary fibrosis; inflammatory monocytes, which are bone marrow derived and express CCR2, have been shown to migrate into the lung after radiation exposure. Although the extent to which recruited inflammatory monocytes contribute to radiation-induced pulmonary fibrosis has not been fully investigated, we hypothesize that its pathogenesis is reliant on this population. The CC chemokine ligand, CCL2, is a chemotactic mediator responsible for trafficking of CCR2 + inflammatory cells into the lung. Therefore, the contribution of this mediator to fibrosis development was analyzed. Interleukin (IL)-1b, a potent proinflammatory cytokine expressed during the radiation response, and its receptor, IL-1R1, were also evaluated. To this end, CCR2
-/-, IL-1b -/-and IL-1R1 -/-chimeric mice were generated and exposed to 12.5 Gy thoracic radiation, and their response was compared to wild-type (C57BL/6) syngeneic controls. Fibrotic foci were observed in the periphery of the lungs of C57 syngeneic mice and CCR2 -/-recipient mice that received C57 bone marrow (C57 . CCR2 -/-) by 16 and 12 weeks after irradiation, respectively. In contrast, in the mice that had received bone marrow lacking CCR2 (CCR2 -/-. C57 and CCR2
-/-syngeneic mice), no pulmonary fibrosis was observed at 22 weeks postirradiation. This observation correlated with decreased numbers of infiltrating and interstitial macrophages compared to controls, as well as reduced proportions of pro-inflammatory Ly6C + macrophages observed at 12-18 weeks postirradiation, suggesting that
CCR2
+ macrophages contribute to radiation-induced pulmonary fibrosis. Interestingly, reduced proportions of CD206 + lung macrophages were also present at these time points in CCR2 -/-chimeric mice, regardless of donor bone marrow type, suggesting that the phenotype of resident subsets may be influenced by CCR2. Furthermore, chimeras, in which either IL-1b was ablated from infiltrating cells or IL-1R1 from lung tissues, were also protected from fibrosis development, correlating with attenuated CCL2 production; these data suggest that IL-1b may influence chemotactic signaling after irradiation. Overall, our data suggest that CCR2 + infiltrating monocyte-derived macrophages may play a critical role in the development of radiation-induced pulmonary fibrosis. Ó 2018 by Radiation Research Society
INTRODUCTION
Although radiation therapy for cancer treatment is common, with as many as 50% of patients receiving this therapy (1), a significant number of patients experience side effects as a result of their exposure (2, 3) . Given the radiosensitivity of the lung, clinicians have not utilized radiotherapy to its fullest extent, due to the risk of radiation effects on nearby normal tissue, such as radiation pneumonitis and pulmonary fibrosis (4) (5) (6) . Indeed, pulmonary fibrosis is currently an irreversible disease for which effective treatment is lacking and patient prognosis remains poor (7) . Factors that increase the risk for the development of radiation-induced fibrosis include the radiation parameters of dose, volume of tissue treated and the time over which the exposure occurs; the use of many chemotherapeutic agents also increases risk (8) (9) (10) . However, limiting these factors may not always be possible in the clinical setting. Therefore, current tumor treatment strategies often require post-therapy approaches to manage the adverse normal tissue outcomes (11) . The mitigation of these effects would, therefore, greatly improve quality of life in survivors and increase the efficacy of radiotherapy in cancer treatment (12) .
Radiation exposure of the lung, as with most normal tissues, results in DNA damage and cytotoxicity; these events invoke an early injury and wound-healing response.
A component of the latter is an acute inflammatory reaction involving the production and release of inflammatory cytokines and chemotactic mediators, which recruit immune cells into the lung to execute inflammation and repair processes (13) . Ideally, immune responses are orchestrated in a manner that acts to restore tissue homeostasis. However, radiation can induce microenvironmental alterations in the lung that dysregulate repair mechanisms and prevent the return of the injured niche to its quiescent state. Several groups have shown that one characteristic of dysregulation is continual inflammatory signaling, leading to the accumulation and persistent activation of immune cells, perpetuating a state of chronic inflammation and contributing to disease pathogenesis (14) (15) (16) . Critically, within several months to years postirradiation, a secondary delayed reaction can manifest, which culminates in the development of pulmonary fibrosis (17, 18) . Improper regulation of immune responses is thought to be one contributing factor to the development of this long-term pathology due to its role in the development of chronic inflammation. Indeed, multiple studies have shown that immune responses are critical regulators of radiationinduced lung injury outcomes, including fibrosis (15, 19, 20) , and have demonstrated that limiting immune cell accumulation attenuates pathogenesis (21, 22) . Despite these findings, the precise role that immune cells play in the development of pulmonary radiation late effects appears complex and remains unclear at this time.
The underlying mechanisms by which radiation-induced inflammatory signaling in lung tissue promotes and supports the pathological activation of pulmonary immune cell populations has been the focus of many investigations, including our own. For example, IL-1b, a potent inflammatory cytokine whose direct induction in the lung after irradiation has been well characterized (20, 23) , also has been linked to pro-inflammatory and pro-fibrotic processes in a number of injury models (24) (25) (26) (27) . Thus, it has been suggested as playing a major role in the development of radiation-induced fibrosis in multiple organs, including the lung (22, 28, 29) . Mature, extracellular IL-1b binds to its receptor, IL-1R1, on numerous cell types, initiating a cascade of pro-inflammatory signaling associated with wound healing. IL-1b can mediate the stimulation of a number of chemokines, including CCL2 (30) (31) (32) , as well as the recruitment of immune cells (33) . Pertinent to our studies, CCL2 is a highly effective monocyte chemoattractant and is expressed by epithelial cells, monocytes, macrophages and fibroblasts in the lung (34) . Released from inflamed and injured tissues, CCL2 mobilizes a subset of highly responsive bone marrow-derived circulating inflammatory monocytes expressing the receptor for CCL2, CCR2, which then traffics into the tissue. Importantly, because inflammatory monocytes are sensitive to microenvironmental signals, they subsequently differentiate into more specialized macrophage subtypes within the injured niche, which contribute to the inflammation and repair processes (35) . Interestingly, published animal studies have implicated CCL2 as a mediator of pulmonary fibrosis development (36, 37) . Significantly, CCL2 is also increased in the lungs after thoracic irradiation (38) (39) (40) . Furthermore, CCL2 expression is increased in the lungs of patients with idiopathic pulmonary fibrosis and other interstitial lung diseases (41, 42) , and the repression of CCL2-driven responses has been shown to reduce disease pathogenesis in multiple models of fibrosis (43, 44) .
Our group has long proposed that the infiltrating monocyte-derived macrophages contribute to radiationinduced pulmonary fibrosis (39, 45) . For the current study, we now hypothesized that it is the CCR2 þ infiltrating macrophages, specifically, that are the critical element in the development of radiation-induced pulmonary fibrosis. Furthermore, we implicate IL-1b signaling in the lung, directly induced by radiation, as the initiator of CCL2 expression, ultimately leading to the accumulation of inflammatory macrophages and the subsequent late effect progression. To test this hypothesis, chimeric mice were generated from C57BL/6J (C57) mice and mice lacking CCR2, IL-1b or IL-1R1, then exposed to 12.5 Gy thoracic radiation and evaluated for alterations in pulmonary macrophage subpopulation dynamics and phenotype, as well as the development of pulmonary fibrosis.
MATERIALS AND METHODS

Animals
Female and male C57, CCR2
-/-and IL-1R1 -/-mice, 6-8 weeks of age, were obtained from Jackson Laboratory (Bar Harbor, ME). IL1b -/-mice were bred in-house as a result of a gift from Dr. David Caplin, University of Alabama. Five animals per cage were housed in microisolator units under pathogen-free conditions and were acclimated for one week prior to experimentation after arrival. Animals were fed a standard laboratory diet and water ad libitum. The University Committee on Animal Resources approved all animal protocols.
Bone Marrow Isolation
Femurs were dissected from donor mice and the ends cut off either side of the bone. An 18-g needle/1-cc syringe filled with phosphate buffered saline (PBS; Gibcot Life Technologies, Grand Island, NY) inserted into the femur was used to flush the marrow from the bone into a 50-ml conical tube on ice. The marrow was then passed through a 100-lm filter using PBS. Cells were enumerated using a hemocytometer and brought up to a concentration of 50 3 10 6 cells/ ml in PBS. Cells were kept on ice until just before use when 50 ll aliquots of the cell suspension were loaded into 27-g insulin syringes.
Generation of Chimeras
Unanaesthetized recipient mice were placed in Plexiglast holders and were total-body irradiated (2 3 5.5 Gy, spaced 4 h apart), using a . IL-1R1 -/-chimeras.
Thoracic Irradiation
Animals, restrained in Plexiglas jigs, were exposed to 12.5 Gy thoracic radiation from a 137 Cs c-ray source operating at a dose rate of approximately 1.5 Gy/min. Age-and sex-matched control chimeras were sham irradiated with identical handling.
Sample Collection, Magnetic Cell Sorting and Flow Cytometry
Lungs were collected from CCR2 -/-chimeras at 12-18 weeks postirradiation (corresponding to the pneumonitic period) for flow cytometry analysis. Lungs were digested by instillation with 1.8 units/ ml dispase (Gibco Life Technologies) in Dulbecco's modified Eagle medium (DMEM; Gibco Life Technologies) and incubated at room temperature for 45 min. Lungs were next disrupted by mincing, and the cell solution filtered through 100-, 40-and 25-lm cell strainers (Fisher Scientifice, Waltham, MA) using DMEM plus 0.01% DNAse-1 (Sigma-Aldricht LLC, St. Louis, MO) as a wash buffer, then transferred to DMEM plus 10% fetal bovine serum (FBS; BD Biosciences, San Jose, CA). CD45 þ myeloid cells were enriched in lung digests using magnetic activated cell sorting (MACS) by incubating cells with a biotin anti-CD45 antibody (BD Pharmingene, San Jose, CA) followed by binding to BD IMage Strepavidin Particles (BD Biosciences) and placement on a Magna grIPe magnet (Millipore, Billerica, MA). Unbound CD45 -cells were then removed and DMEM plus 10% FBS was used to resuspend the CD45 þ cells that were retained on the magnet. CD45 þ cells were then counted using a hemocytometer and 1 3 10 6 cells were stained for flow cytometric analysis. Cells were transferred to staining buffer (PBS plus 10% FBS) and were incubated with anti-mouse CD16/CD32 Fc block (BD Pharmingen) diluted 1:500 in staining buffer for 10 min at 48C to block nonspecific antibody binding. Surface staining was then performed for 30 min at 48C using PerCP-Cy5.5-conjugated rat anti-mouse CD-11b (BD Pharmingen), Alexa Fluort 647-conjugated anti-mouse Ly6G, Brilliant Violete 605-conjugated anti-mouse CD206, Brilliant Violet 711-conjugated anti-mouse Ly6C, PE-conjugated anti-mouse CD45 (BioLegendt Inc., San Diego, CA), eFluor 450-conjugated anti-mouse CD11c, and PE/Cy7-conjugated anti-mouse F4/80 (eBioscience Inc., San Diego, CA). Cells were washed and then stained with LIVE/ DEAD fixable aqua dead cell stain kit (Life Technologies) for 15 min at 48C, then washed and resuspended in 2.5% phosphate buffered formalin (Fisher Scientific). Flow cytometry was performed on an 18-paramater LSRII flow cytometer (BD Biosciences). Simply Cellulart anti-mouse compensation standard (Bangs Laboratories Inc., Fishers, IN) was incubated with 1 ll of each detection antibody and used for single color positive controls. Data were analyzed using FlowJo software (Ashland, OR).
Histology
Lungs were collected for histological analysis from CCR2 -/-chimeras at 12-22 weeks postirradiation (corresponding to the pneumonitic and early fibrotic phases, respectively), and were collected from IL-1b -/-and IL-1R1 -/-chimeras at 32 weeks postirradiation [corresponding to the late fibrotic phase (46) ]. The left lobe of the lung was inflation-fixed in 10% zinc buffered formalin (Anatech, Battle Creek, MI) and paraffin embedded. Tissue sections (6 lm) were prepared and stained with Gomori trichrome and examined by light microscopy. Images were acquired on an Olympust BX51 microscope (Olympus America, Center Valley, PA).
Ribonuclease Protection Assay
Total RNA was isolated from frozen lung tissue (50-100 mg) using 1 ml TRIzolt Reagent (Life Technologies, Grand Island, NY) according to the manufacturer's instructions. Each final RNA pellet was resuspended in 50 ll of diethylpyrocarbonate-treated water and the RNA concentration and purity was quantified using the GeneQuante RNA/DNA Calculator (Pharmacia Biotech Inc., Piscataway, NJ). Quantitation of steady-state cytokine mRNA levels was performed using a multi-cytokine ribonuclease protection assay. RNase protection assays were performed as described elsewhere (47) with custom riboprobe templates for IL-1b, CCL2 and GAPDH. The protected radiolabeled RNA fragments were electrophoresed on a 5% acrylamide/8 M urea sequencing gel, and the dried gel was used to expose X-AR film (Eastman Kodak, Rochester, NY) at -808C with intensifying screens (Quanta III; Dupont, Wilmington, DE). For quantitation, the dried gels were placed against PhosphorImagere screens (Molecular Dynamics Inc., Sunnyvale, CA). The intensity of each specific chemokine and cytokine band was measured using a computer-linked PhosphorImager with ImageQuant software (Molecular Dynamics). Each intensity score was normalized to the intensity of hybridization for the constitutively expressed housekeeping gene, GAPDH, to correct for differences in loading.
Statistical Analysis
Data, expressed as mean 6 SEM, were analyzed by two-way ANOVA, followed by Tukey's multiple comparisons test. Differences were considered significant at P , 0.05.
RESULTS
Response of CCR2 -/-Chimeras to Thoracic Irradiation
The role of CCR2 þ infiltrating monocyte-derived macrophages in the development of radiation-induced pulmonary fibrosis was investigated in CCR2 -/-chimeric mice exposed to 12.5 Gy thoracic radiation. Histologically, fibrotic foci could be observed in the periphery of the lungs of chimeric mice receiving C57 bone marrow [both C57 . CCR2 -/-and C57 . C57 (syngeneic) chimeras] (Fig. 1A and B) . The foci were apparent by 16 weeks postirradiation in C57 syngeneic mice, but were well established by 12 weeks postirradiation in C57 . CCR2 -/-mice; inflammatory cell accumulation was associated with the fibrotic areas. In contrast, in mice receiving CCR2
-/-bone marrow, fibrotic areas were not observed through 22 weeks postirradiation, indicating that an inhibition or delay in fibrosis development occurred in mice lacking CCR2-driven chemotaxis (Fig. 1C) . A diffuse immune cell accumulation was observed throughout the tissue in CCR2 -/-syngeneic mice, which was not seen in CCR2 -/-. C57 chimeras. For all chimeric groups, in control chimeras that were not exposed to thoracic radiation, there were no visible pathological changes to the lung (Supplementary Fig. S2 ; http://dx.doi.org/10.1667/ RR14874.1.S1).
To investigate the influence of the CCR2 þ infiltrating macrophage subset on resident macrophage population dynamics, pulmonary macrophage subpopulations were analyzed in CD45 þ immune cell-enriched lung digests collected from CCR2 -/-chimeras. Samples were collected from most groups at 18 weeks after thoracic irradiation, time points corresponding to the pneumonitic/fibrotic phase, but before significant morbidity occurred. A 12-week time sample was used for the C57 . CCR2
-/-chimeras due to the earlier onset of fibrosis. As previously reported (48), alveolar, interstitial and infiltrating macrophage subsets were identified in the CD45 þ population ( Fig. 2A ; the gating scheme is provided in Supplementary Fig. S3 ; http:// dx.doi.org/10.1667/RR14874.1.S1). In the C57 syngeneic mice, the numbers of each macrophage subpopulation were similar to control chimeras that had not received thoracic irradiation. In contrast, in chimeras that had received CCR2 -/-bone marrow (both CCR2 -/-. C57 and CCR2
-/-syngeneic chimeras), numbers of infiltrating macrophages were significantly decreased compared to nonirradiated controls, suggesting that CCR2 þ cells may be the primary contributors to the infiltrating macrophage subpopulation (Fig. 2B) . A similar effect was also noted in the interstitial populations, with differences reaching significance in CCR2 -/-. C57 chimeras (Fig. 2C) . Numbers of alveolar macrophages were increased in CCR2 -/-syngeneic chimeras after irradiation, however, no significant differences in this subset were observed in either of the congenic chimeras (Fig. 2D) .
CD11c is expressed in pulmonary macrophages that are resident to the lung, and is upregulated when infiltrating monocytes differentiate into lung macrophages (49) . Therefore, the effects of radiation-induced alterations in macrophage phenotype were further analyzed in CD11c þ resident populations. The proportions of CD11c þ cells that expressed the inflammatory cell marker Ly6C (50) were reduced after irradiation in chimeras that had received CCR2 -/-bone marrow (both CCR2 -/-. C57 and CCR2
-/-syngeneic chimeras) when compared to the nonirradiated controls, indicating that infiltrating CCR2 þ cells likely contribute to this phenotype (Fig. 3A) . In C57 syngeneic and C57 . CCR2 -/-chimeras, proportions of Ly6C þ CD11c þ cells were not significantly different from irradiated controls at this time point. In contrast, the proportions of CD11c þ macrophages expressing the alternative activation marker CD206 (51), were reduced after irradiation in chimeras in which the lung tissue was lacking CCR2 (both C57 . CCR2 -/-and CCR2 -/-syngeneic chimeras), regardless of bone marrow donor type, suggesting this resident phenotype is influenced by local CCR2 expression (Fig.  3B) . No significant differences were noted in the proportions of CD206 þ CD11c þ macrophages after irradiation in chimeras that retained lung CCR2 expression (C57 syngeneic and CCR2 -/-. C57 chimeras). In all chimeric groups, the percentage of CD11c þ resident macrophages that expressed F4/80, a marker present on mature macrophage and monocyte populations (52, 53) , was decreased after thoracic irradiation (Fig. 3C) .
Response of IL-1b -/-and IL-1R1 -/-Chimeras to Thoracic Irradiation
Immediate induction of IL-1b by thoracic irradiation has been well characterized. However, in this study, we endeavored to determine whether the signaling initiated by this cytokine is the major contributor to inflammatory cell infiltration and development of fibrosis. To investigate this, chimeras were generated from C57 and IL-1b -/-mice or C57 and IL-1R1 -/-mice. Chimeras were then exposed to 12.5 Gy thoracic radiation. At 32 weeks postirradiation, a time corresponding to the late fibrotic phase of the radiation response (46) , trichrome staining revealed focal areas of fibrosis in lung peripheries of both C57 syngeneic and C57 . IL-1b -/-chimeras, in which IL-1b expression in bone marrow-derived cells remained intact ( Fig. 4A and C) . Small fibrotic areas were also detected in syngeneic IL-1b -/-mice (Fig. 4D) . In contrast, fibrosis did not develop in IL1b -/-. C57 chimeras, in which IL-1b expression was lost from bone marrow-derived cells (Fig. 4B) . Protection from fibrosis was also apparent in chimeras for which IL-1R1 was missing from lung tissues (C57 . IL-1R1 -/-and IL-1R1 -/-syngeneic chimeras; Fig. 4F and G) , but did develop in IL-1R1 -/-. C57 mice in which the receptor was present in resident lung cells, but not in bone marrow-derived cells (Fig. 4E) , indicating that IL-1b/IL-1R1 signaling also contributes to the fibrotic response. Because loss of IL-1b from bone marrow-derived cells, but not lung tissues, protected from radiation-induced pulmonary fibrosis development, the relative contributions of the tissue and infiltrating immune compartments to the total expression of IL-1b in the lung was examined in whole-lung lysates from IL-1b -/-and IL-1R1 -/-chimeric mice at 32 weeks postirradiation or in nonirradiated control chimeras. Loss of IL-1b from the bone marrow (both IL1b -/-. C57 and IL-1b -/-syngeneic chimeras) significantly reduced the expression of IL-1b (Fig. 5A) . In contrast, in C57 . IL-1b -/-mice that retained IL-1b activity in their bone marrow-derived cells, whole-lung IL-1b expression was not significantly different from C57 syngeneic chimeras, suggesting that it is the infiltrating cells that are a major source of this cytokine in the lung. Loss of IL-1R1 did not affect expression of IL-1b. In both IL-1R1 -/-syngeneic and congenic chimeras, IL-1b expression did not significantly differ from C57 syngeneic chimeras, and was not altered by thoracic irradiation.
Since the development of radiation-induced pulmonary fibrosis was abrogated in chimeras in which either expression of IL-1b was lost from bone marrow-derived cells or its receptor, IL-1R1, was not expressed in lung tissue, the contribution of IL-1b to the production of chemotactic factors was investigated. This was performed by analyzing lung expression of CCL2, responsible for recruiting inflammatory CCR2 þ monocytes into the lung, in chimeras lacking IL-1b and IL-1R1. Thoracic irradiation significantly increased CCL2 expression in C57 syngeneic chimeras (Fig. 5B) . This trend was also noted in the chimeras in which fibrosis occurred, in C57 . IL-1b -/-and IL-1b -/-syngeneic chimeras, as well as in IL-1R1 -/-. C57 chimeras. However, in chimeras in which fibrosis was not observed, in IL-1b -/-. C57, C57 . IL-1R1 -/-and IL-1R1 -/-syngeneic chimeras, increased CCL2 expression was not observed, suggesting a strong and interactive relationship between IL-1b signaling, CCL2 production and fibrogenesis.
DISCUSSION
The lung's response to radiation injury progresses over an extended period of time and often involves the development of pulmonary fibrosis (12, 18, 54) . Consistent with all biological damage, the initial pulmonary injury stems from the direct exposure of DNA and other cellular components to ionizing radiation events, resulting in cytotoxicity and the initiation of an acute inflammation and wound-healing response (13, 16) . However, after high doses, the irradiated lung microenvironment can fail to return to homeostasis (12) , and recurrent periods of DNA damage as well as chronic inflammation ensues in a response that develops over the following weeks and months. Dysregulation within þ cells were enriched from lung digests using MACS and analyzed by flow cytometry. CD11c þ resident macrophages were gated on and expression of Ly6C, CD206, and F4/80 was assessed. Each bar represents mean 6 SEM (n ¼ 3-4 mice/treatment group). *Significantly different (P , 0.05) from nonirradiated chimeramatched controls.
LUNG INFILTRATING MONOCYTES IN RADIATION FIBROSIS
the niche is observed as the production and release of proinflammatory cytokines, chemokines and adhesion molecules, as well as an accumulation of activated macrophages and lymphocytes (19, 55, 56) . Our earlier published studies, using a similar thoracic radiation model to that used in these studies, demonstrated that, after irradiation, there is early induction of pro-inflammatory and pro-fibrotic cytokines, including IL-1b (20, 23) . In fibrosis-sensitive mouse strains, this was followed by production of chemokines, including CCL2, the recruitment of inflammatory cells and the development of pulmonary fibrosis (40) . Interactions between the lung parenchyma and activated immune cells have been implicated in fibrogenesis (57) , and suggest that immune cell recruitment and activation in the irradiated lung likely contribute to a pro-fibrotic environment. We have previously observed that lung macrophage subpopulations are phenotypically altered after thoracic irradiation, and that these dysregulated phenotypes persist throughout the radiation response, through fibrosis progression (48) .
Infiltrating monocyte-derived macrophages have been found to contribute to pulmonary fibrosis development in multiple experimental models (43, 58, 59) , and although published studies on radiation-induced lung injury and fibrosis have demonstrated that exposure promotes inflammatory cell infiltration and accumulation (21, 22) , we are unaware as to whether the contributions of the infiltrating macrophage subset to fibrogenesis have been assessed. Earlier findings reported by our group have shown that, after thoracic irradiation, CCR2 expression in the lung was increased at late end points in a mouse strain that is deemed radiation-fibrosis susceptible, but not in a strain that does not develop radiation fibrosis (39, 40) . In the current studies, our findings demonstrated that loss of bone marrow-derived CCR2, and thus CCR2-mediated immune cell infiltration, reduced the number of infiltrating monocyte-derived macrophages in the lungs of irradiated mice, confirming that trafficking of this population into the lung is dependent on CCR2. Furthermore, while pulmonary fibrosis did not occur when CCR2-mediated chemotaxis into the lung was ablated, its development was noted in chimeras lacking CCR2 on resident lung cells. This provides further support of a profibrotic role for CCR2
þ infiltrating monocyte-derived macrophages in this process, in line with results from other models of pulmonary fibrosis. For example, CCR2 -/-mice were shown to be protected from fibrosis development in both FITC-and bleomycin-induced pulmonary fibrosis models (43, 60, 61) , as well as in genetically susceptible Hermansky-Pudlak syndrome mice that were crossed with CCR2 -/-mice and challenged with bleomycin (62). Macrophages accumulate in the lungs throughout the development of the pneumonitic and fibrotic stages of the radiation response. Since these cells are highly responsive to signals they encounter in their microenvironment, their phenotypes also evolve and can, in turn, act as mediators in disease outcomes (63) . Our previously published studies have demonstrated that, in the first few weeks after exposure of the lung to radiation, resident macrophage populations are depleted and replenished in a subpopulation-dependent manner, culminating in phenotypes that differ from those originally contained within the lung (48). Hashimoto et al. have also demonstrated that, after genotoxic injury to the lung, the ability of depleted resident macrophage populations to maintain macrophage pools through local proliferation is impaired and, instead, infiltrating monocytes from the circulation are retained to maintain an adequate resident population (64) . In line with this, our results support the possibility that CCR2 þ infiltrating monocytes are recruited into the lung to replenish reduced interstitial subpopulations, since numbers of both infiltrating and interstitial macrophages were significantly decreased after thoracic irradiation in chimeras in which CCR2-mediated monocyte infiltration into the lung was abolished (in CCR2 -/-. C57 mice). Because the phenotypes of resident macrophage populations in the lung can be affected by the infiltrating macrophage population, either through their production of phenotypic mediators or through differentiation into activated macrophages (35) , it is possible that the retention of CCR2 þ infiltrating cells in the irradiated lung could stimulate the development of a pro-inflammatory phenotype in resident macrophage populations. Our finding, that the expression of pro-inflammatory Ly6C was decreased on CD11c þ resident macrophages in those chimeras in which CCR2-driven monocyte chemotaxis into the lung was eliminated (in CCR2 -/-. C57 mice), provides support for this contention. Furthermore, these findings appeared to be specific to the bone marrow-derived infiltrating cells, rather than resident immune or epithelial populations, since this result was not observed in C57 . CCR2 -/-chimeric mice where CCR2 expression was lost from the parenchyma.
Effects due to the loss of lung parenchymal expression of CCR2 in C57 . CCR2 -/-mice were also noted, but were in contrast to the more protective effects that were observed with loss of bone marrow-derived CCR2. Since alveolar macrophages themselves do not express CCR2 and do not migrate in response to CCL2, our findings are not likely the result of intrinsic differences between the alveolar macrophages of CCR2 -/-mice and wild-type (65). However, lung alveolar epithelial cells do express CCR2, and bind CCL2 to migrate within the lung in response to epithelial cell injury, a part of the canonical healing response (66) . A loss of epithelial migration within the lung during the acute woundresponse period may explain the earlier onset of fibrosis after irradiation noted in C57 . CCR2 -/-chimeric mice when compared to C57 syngeneic chimeras. While alveolar macrophages are CCR2 expression-independent, they appear to be responsive to the altered pulmonary microenvironment that develops with loss of local CCR2 expression. This was demonstrated by the fact that proportions of CD206 þ resident macrophages, indicative of alternatively activated resident phenotype (51) , are decreased after thoracic irradiation in chimeric mice lacking lung CCR2 expression, but not in those in which CCR2 was present in the lung, regardless of the CCR2 status of the bone marrow.
Given the findings that infiltrating macrophages contribute to radiation-induced pulmonary fibrosis, the conditions -/-and IL-1R1 -/-chimeric mice. Whole-lung lysates were prepared 32 weeks after 0 or 12.5 Gy thoracic irradiation. mRNA abundance was measured using RNase Protection assay. Each bar represents mean 6 SEM (n . 5 mice/treatment group). *Significantly different (P , 0.05) from nonirradiated chimera-matched controls.
under which the irradiated lung promotes the accumulation of inflammatory cells was further investigated. It has been well characterized that a multitude of cytokines are induced and cyclically expressed throughout the radiation response, mediating the acute and chronic outcomes (20, 23, 39, 40, 67) . Much of this work has suggested that IL-1b is critical to the development of pulmonary and other normal tissue irradiation outcomes (22, 23, 28, 29, 68) . IL-1b, a potent pro-inflammatory cytokine, is associated with the induction and propagation of inflammation, as well as wound-healing processes (69, 70) . IL-1b can also act as a mediator of fibrogenesis and plays a role in lung tissue remodeling (27) , in part due to its ability to regulate the balance between matrix deposition and degradation (71, 72) . This is evidenced in mouse studies showing that transient overexpression of IL-1b was associated with persistent pulmonary fibrosis (26) , and by findings of increased levels of this cytokine in bronchoalveolar lavage fluid from mice with bleomycin-induced pulmonary fibrosis (27, 73) . The IL-1b receptor, IL-1R1, has also been found to play a crucial role in disease pathogenesis in multiple models of pulmonary fibrosis. For example, in bleomycin and silica models, pulmonary fibrosis was attenuated in IL-1R1 -/-mice or with treatment with an IL-1 receptor antagonist (27, 74) , and mice lacking IL-1R1 were protected from developing skin fibrosis after irradiation (28) .
Our study demonstrated that fibrosis still occurs in chimeras in which only bone marrow-derived cells retain the ability to produce IL-1b, but it was not detected in IL1b -/-. C57 chimeras lacking the cytokine in donor-derived inflammatory cells. Immune cells appear to be the major source of this cytokine since lung levels of IL-1b were maintained in chimeras in which only infiltrating cells retained expression of this cytokine, but were significantly decreased in those chimeras in which IL-1b production was lost from the infiltrating cells. Considering these findings, it was therefore unexpected that small fibrotic areas were present in IL-1b -/-syngeneic chimeras. A potential explanation for this discrepancy may be that the additional radiation dose used for bone marrow ablation in chimera generation may have exceeded the lung threshold for injury repair in these mice, such that the total dose was sufficient to initiate fibrosis, which is a multifactorial process. This theory is supported by work from our laboratory (unpublished data) using the same thoracic radiation model, which revealed that fibrosis was attenuated in IL-1b -/-mice (Supplementary Fig. S4 ; http://dx.doi.org/10.1667/ RR14874.1.S1). Additionally, based on our previously reported findings in C57 mice that have not undergone bone marrow ablation and reconstitution, in which fibrosis becomes established past 20 weeks postirradiation, the fibrotic lesions observed in C57 syngeneic chimeras at 16 weeks postirradiation indicate that an early onset of fibrosis occurred in these mice, suggesting that compared with our normal time line of fibrosis development using a 12.5 Gy dose, the contribution from the earlier ablation dose may have shifted the induction curve (67, 75) .
Although production of IL-1b by infiltrating cells appears to be a significant contributor to fibrogenesis, loss of IL-1R1 from resident lung populations, but not the bone marrow-derived cells, abrogated the fibrotic response. This suggests that downstream signaling by the resident lung cell populations is an essential component of the process. Again, this observation is not likely due to differences in IL-1b production in the IL-1R1 -/-chimeric mice, since loss of the receptor from either compartment did not affect the production of IL-1b at the observed time points. Importantly, the findings in both IL-1b -/-and IL-1R1 -/-chimeric mice showed that loss of IL-1b-mediated production of CCL2 correlated with an apparent protection from fibrosis. Importantly, radiation-associated increases in CCL2 expression were lost when IL-1b was lacking from bone marrowderived infiltrating cells, as well as when the receptor was absent from resident lung populations. This suggests that after irradiation, IL-1b-induced signaling directly stimulates CCL2 production, and thus, inflammatory cell recruitment. Furthermore, although mechanistic information is currently limited, these findings provide support for a relationship between IL-1R1 and CCL2, and are in line with other studies demonstrating this link. For example, CCL2 expression was abolished in IL-1R1 conditional knock-out mice (30) , while elevated levels of CCL2, induced by cardiac infarcts in nonmyeloid cells, have been shown to be abrogated in IL-1R1 -/-mice (31). We therefore suggest that inflammatory cell production of IL-1b stimulates IL-1R1 in resident lung populations, initiating the downstream signaling that results in CCL2 production. This in turn recruits circulating CCR2 þ inflammatory monocytes into the lung, which are capable of further IL-1b production, and can promote macrophage activation to a pro-fibrotic phenotype and the development of a pro-fibrotic environment (Fig. 6) . We believe that these findings indicate that it is the proinflammatory signaling, instigated by infiltrating immune cell populations and their response to the dysregulated microenvironment, that is critical to the development of radiation-induced pulmonary fibrosis.
Irradiation of normal lung tissue is an inevitable consequence of the use of radiation therapy when treating thoracic neoplasms, despite the technological advances that have reduced the exposure of healthy tissues. Dependent on treatment characteristics, such as dose and volume, as well as patient characteristics, such as age, smoking habits, etc., the use of radiation as a treatment modality carries with it the risk for developing devastating side effects, such as radiation pneumonitis and pulmonary fibrosis. Effective therapies to treat or prevent these outcomes are currently limited, especially with respect to fibrosis. The identification of new therapeutic targets will benefit the clinician's ability to improve treatment options. Research is needed to more precisely elucidate how the processes regulating the inflammatory and wound-healing responses induced by radiation fail to return normal tissues, such as the lung, to homeostasis, and how such conditions lead to the development of an environment that promotes fibrogenesis. It is well accepted that fibrotic remodeling is a complex process, regulated by multiple cytokines and chemokines, and involving the actions of multiple cell types that both release and are responsive to these signals. We believe that our findings provide more detailed and, indeed, novel information describing the contributions of the infiltrating and resident immune cell compartments to the development of this long-term pathology, corroborating the findings of multiple experimental models of pulmonary fibrosis, but more importantly, establishing these effects in a radiation setting. The actions of an accumulation of a specific population of infiltrating macrophages and the production of the chemoattractant, CCL2, by resident lung populations are now highlighted as drivers of disease pathogenesis and warrant further investigation into the interaction between the lung parenchymal and immune compartments in the context of pulmonary fibrosis mitigation. Interestingly, our hypothesis that fibrogenesis may, in fact, be initiated by the direct induction of IL-1b expression, which is observed immediately after irradiation, is supported by the current use of stereotactic body radiation therapy (SBRT), i.e., delivery of a limited number of high-dose fractions. Published clinical studies have shown little to no change in the risk of treatment-related lung fibrosis with the use of SBRT for lung cancer (4, 76) . This may be a consequence of improved conformal and image-guided beam delivery. However, if radiation biology dogma holds true, such results also may suggest that, despite their delayed appearance, pneumonitis and fibrosis are dependent on one or more acutelyresponding cell populations, supporting our focus on the immune cell response. 
